The aim of the Karlsruhe Tritium Neutrino experiment (KATRIN) is the model-independent measurement of the neutrino mass by the investigation of the endpoint region of the tritium β -spectrum. For that purpose a windowless gaseous tritium source (WGTS) generates ∼10 11 β electrons per second. The β -electrons are adiabatically guided to an electrostatic spectrometer which measures the integrated β -spectrum by varying the spectrometer voltage. In order to reach the design sensitivity of 200 meV/c 2 (90% C.L.) on the neutrino mass, the key parameters of the WGTS, i.e. column density, temperature, beta activity, and isotopic composition of the tritium gas have to be stabilised to the 0.1% level and accordingly monitored. An overview of the WGTS, its instrumentation and the current status will be given.
Introduction
The aim of the Karlsruhe Tritium Neutrino experiment (KATRIN) [1] is the model-independent measurement of the neutrino mass by the investigation of the endpoint region of the tritium β -spectrum. The design sensitivity of 200 meV/c 2 (90% C.L.) corresponds to an improvement by a factor of 10 in sensitivity on m ν with respect to the upper limits obtained by the Mainz [2] and Troitsk [3, 4] experiments and hence will allow for probing the cosmology relevant neutrino mass parameter space [5] . The experiment is currently being constructed at the Karlsruhe Institute of Technology by an international collaboration and will be operated for 5 years corresponding to 3 years of measurement time. An intense Windowless Gaseous Tritium Source (WGTS) will provide 10 11 β -electrons per second which are analysed by an electrostatic MAC-E filter [6, 7] with an energy resolution of 0.93 eV at 18.6 keV [1] . The key parameters of the WGTS, i.e. gas density, activity, temperature and isotopic composition of the source gas, have to be accurately monitored or, even better, stabilised to the 0.1% level as they are related to systematic uncertainties in the neutrino mass measurement: activity fluctuations of the WGTS, energy loss of β -electrons in the WGTS due to scattering, and the recoil and final state distribution of the daughter molecules [8] . In this work, an overview of the WGTS, its working principle, and the technical implementation will be given (section 2). Special focus will be laid on selected instrumentation for stabilisation and monitoring of the WGTS key parameters on the 0.1% scale (section 3).
The KATRIN Windowless Gaseous Tritium Source (WGTS)
The WGTS is a gas column created by continuously injecting tritium gas into the centre of a beam tube (10 m length, 9 cm diameter) and simultaneously pumping at both ends of the beam tube (figure 1). The beam tube is cooled to 30 K to reduce its conductance and the thermal motion of the gas molecules. By stabilising the gas injection rate, the beam tube temperature, and the pump rate to 0.1% each, a gas column with spatially inhomogeneous and temporally stable density profile is formed which acts as a β -electron source with low systematic uncertainties. 
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Figure 2: Simplified flow scheme (a) and picture (b) of the Inner Loop system. Only hydrogen isotopes can pass the permeator, that purifies the WGTS exhaust gas before being re-injected into the WGTS cryostat.
Three major systems are necessary for the operation of the WGTS: (i) The WGTS cryostat in which the beam tube, the cryo system for beam tube cooling and superconducting magnets for β -electron guidance are located, (ii) the Inner Loop system (figure 2) which is responsible for the stable tritium circulation through the WGTS cryostat, and (iii) the infrastructure of the Tritium Laboratory Karlsruhe (TLK) [9] for clean-up of the precipitated waste gases from the Inner Loop and supply of pure tritium.
Control and monitoring of selected WGTS key parameters
A multitude of systems are necessary to control and monitor the key parameters of the WGTS, i.e. column density, temperature, activity, and isotopic composition of the gas, to the 0.1% level. Selected systems will be briefly presented, while detailed information on all systems can be found in [8] .
WGTS cryostat and beam tube temperature The beam tube temperature influences the column density, i.e. the number density of gas molecules in the WGTS, and hence has direct impact on the WGTS-activity but also on the scattering cross sections and energy loss of the β -electrons in the WGTS. Therefore a temperature stability of 0.1%, i.e. 30 mK at about 30 K is necessary. A novel cooling system utilizing two-phase neon has been developed for the WGTS cryostat [10, 11, 12] and successfully tested in a pre-configuration of the WGTS in which only the beam tube and the cryogenic system was installed. A temperature stability of 1.5 mK/h was reached but the required temperature homogeneity along the beam tube axis not yet fully achieved [13] . Thorough investigations of the achieved temperature profiles lead to substantial optimization of the cryogenic design and a reduction of the thermal influence of the primary vacuum systems. Therefore the spatial temperature homogeneity is expected to be significantly improved in the final WGTS setup and to reach the required values of ±30 mK over its 10 m length. Currently the superconducting magnets and the tritium related components are being installed into the cryostat.
Inner Loop and tritium circulation The tritium gas is injected from a pressure controlled buffer vessel through a capillary with constant conductance into the WGTS beam tube (figure 2). The pumping rate at both ends of the beam tube is given by the rotation frequency of the turbo molecular pumps and typically stable to 10 −4 [8] . The stability of the gas injection rate is hence determined by the pressure stability inside the buffer vessel. The palladium membrane filter ("Permeator" in figure 2 ) in the Inner Loop will separate the hydrogen isotopologues (H 2 , HD, D 2 , HT, DT, T 2 ) from all other gas species that cannot permeate through the membrane. The Inner Loop was tested with nitrogen and deuterium to avoid tritium contamination of the system before connection with the WGTS cryostat. As placeholder for the WGTS beam tube a bypass tube with identical gas dynamical properties was used. The achieved pressure stability exceeded the 0.1% requirement by one order of magnitude, even under unrealistically large temperature cycling of the beam tube replacement, and thereby demonstrated the stable tritium circulation in the inner loop [8] .
Gas composition The WGTS will be operated with tritium gas of ≥95% purity, that will typically consist of ≥90% T 2 and ≤9% DT molecules, while other impurities (e.g. D 2 , 3 He, tritiated methane) are expected to be below 1% [1] . The knowledge of the gas composition is essential for the neutrino mass analysis since electron-gas scattering and the recoil and final states of the daughter molecules influence the β -spectrum differently depending on the gas molecule. The Raman spectroscopy system LARA continuously monitors the gas composition in the Inner Loop with 0.1% precision and about 3% accuracy [14, 15, 16, 17] . Apart from the offline usage of Raman data for neutrino mass analysis, it will be also used online to operate the Inner loop: to decide when to feed pure tritium into the Inner Loop and to monitor the WGTS during commissioning with tritium when gas-wall and isotope exchange reactions [16] will be very prominent. Dedicated data analysis procedures have been developed [18, 19] and implemented into the data acquisition software such that Raman spectra are quantitatively evaluated within a second after acquisition and direct feedback is given to the Inner Loop operator. The LARA system is well tested and, apart from minor projected optimisations, ready for operation.
Source activity KATRIN will measure the integrated β -spectrum by subsequently stepping the retardation voltage of the MAC-E type spectrometer. The source activity has to be stable to 0.1% to avoid statistical variations between individual energy bins within a single β -spectrum and additionally to allow for the combination of data from different measurement runs. The WGTS source activity will be measured in-situ by Beta Induced X-ray Spectrometry (BIXS), i.e. by measuring the flux of X-Rays produced by β -electron impinging on a gold coated surface in the WGTS. The concept has been experimentally tested [20] and it was demonstrated that 0.2% changes can be detected already in a unoptimised prototype setup [21] . The KATRIN BIXS system is expected to reach a precision of 0.1% within about 50 s acquisition time, i.e. within a time interval similar to the Raman system [21] . The technical design of the BIXS-related vacuum system has been approved in autumn 2013 and most components of the BIXS system are already in stock at KIT.
Conclusions
The KATRIN Windowless Gaseous Tritium Source will set new standards in the field of ultra stable high luminosity tritium β sources. Scientific requirements regarding long term stability, homogeneity and reliability have been met with unique new solutions in cryogenics, vacuum physics and measurement techniques. The WGTS cryostat is expected to be delivered to KIT in 2015 and thus will complete the KATRIN experiment.
